ter-thick ice may have entombed Earth's oceans during "snowball" episodes of global glaciation, which are believed to have persisted for 5 to 50 million years (My) during the Proterozoic (about 2500 to 570 My before present) until the buildup of atmospheric CO2 from volcanoes created a greenhouse effect strong enough to melt the ice (10) .
Without photosynthesis or contact with an oxidizing atmosphere, an isolated subsurface ocean will approach chemical equilibrium and annihilate any ecosystems dependent on redox gradients unless there is a substantial alternative (for example, geothermal) energy source. The terrestrial ocean circulates through the hydrothermal systems of mid-ocean spreading ridges in -10 My (11) and would equilibrate with the chemistry of the basaltic magmas that make up the ocean floor in these regions on that (geologically short) time scale. Biological activity would only accelerate the process of equilibration, ensuring its own destruction by consuming the limited supply of oxidants. Hydrothermal alteration and weathering would likewise drive the equilibration of oceanic and silicate crust chemistry. Thermodynamics-driven extinctions would ensue on both Europa and a "snowball" Earth. Under Europas permanent ice crust they may have been terminal.
Hydrothermal vents have been cited as potential analogs to life on Europa, because they do not receive sunlight and appear to be isolated from other ecosystems. The vent ecosystems, however, depend almost exclusively on oxidants (SO42-, 02, and CO2) dissolved and transported from the surface to the deep ocean (12) . More than 99% of the energy available to known vent biotas is from sulfate reduction, sulfur oxidation, and aerobic metabolism (13) . Without oxidants from the surface ocean, organisms would have to rely on low-energy methanogenesis and elemental sulfur reduction. The flux of available energy from these reactions in the most active vent fields is only -5 x 1O-3 ergs cm-2 S-1 (14) . For comparison, the primary production in the upper ocean (15) is equivalent to a biological energy flux of -I0 ergs cm-2 s-1, and this is only 0.01% of the total energy available in sunlight. It is unclear that such low energy fluxes could support extensive life on the sea floor.
Life may persist, however, if a flux of oxidants into the subsurface ocean can be maintained. To understand how this might happen, we must compare the geology and atmosphere of Europa with that of a "snowball" Earth. Residual disequilibrium would persist in an ice-covered ocean to the extent that turnover in the ice crust can introduce oxidants into the ocean. Diffusion of gases through low-temperature ice is essentially zero (16). On a "snowball" Earth, turnover of the ice sheet and transport of oxygen to the ocean could occur through sublimation and thermally driven transport of water vapor from the equator to the poles or through (24) , and bacteria capable of carrying out photosynthesis at the low light levels found beneath several meters of ice (3, 25) would support a food chain in these near-surface environments.
In contrast, the surface of Europa is highly unlikely to support any type of life requiring liquid water. Surface temperatures are less than 128 K (26), and the water melting point is reached only at depths exceeding -20 km, whereas sunlight penetrates to depths of tens of meters only (27) . Cracks in the crust are also unlikely to allow sunlight to reach an interior ocean for even brief periods (28), contrary to earlier suggestions (3). Large impacts may puncture the ice shell (29), but these events are likely to be transient and rare throughout most of the satellite's history. Transient brines could occur at shallow depths over diapiric plumes of warm ice (5, 30), but individual diapirs formn on time scales of <10' years (31) and any brines freeze by conductive cooling in -103 years, brief periods relative to the turnover time of the ice cirLst. It seems unlikely that such bodies of water, isolated and subsequently frozen for 107 years, could perpetuate a global biosphere.
We are left with geochemical reactions such as methanogenesis and elemental sulfur reduction as the main driving forces for potential life on Europa. These reactions have been proposed as the basis for metabolism on the primitive Earth (32), particularly for ecosystems in subsurface refugia protected from the sterilizing effects of large impacts (33, 34), and as an energy source for life on other solar system bodies (14, 35). They may also be the last resort for life in ice-covered oceans. The energy source is a "geothermocouple" created when the direction of a redox reaction at high temperature is opposite to that at low temperature but the latter is kinetically inhibited, creating disequilibrium (35) . Biological catalysis of the lowtemperature reaction then extracts useful energy from the geothermal gradient. Energy will be available as long as the temperature differential persists and there is a flux of reactants (typically compounds of carbon, sulfur, hydrogen, and iron) through the high-and low-temperature regimes.
The C, S, and H compounds are replenished over long periods of time from gases released by the crust ("outgassing") or by hydrothermal circulation. In contrast, iron, involved in many geochemical reactions, requires replenishment of chemically active rock from the mantle by volcanism or tectonics. Otherwise, the iron in the reaction zone will be completely oxidized, geochemical reactions will halt, and any dependent biology will be extinguished. Hydrothermal alteration at terrestrial mid-ocean ridges would proceed to completion in less than 103 years in the absence of new crust continuously created by sea-floor spreading.
On a snowball Earth, plate tectonics, volcanism, and submarine hydrothermal activity would continue unabated. The geodynamics of Europa are completely unknown. It has been suggested that the satellite may have a metal core and silicate mantle (36) with an estimated heat flow from the metal silicate interior 10 to 30% of that of Earth (8) and comparable to that of Mars (37), which has experienced substantial extrusive volcanism in the past (38, 39). It is plausible, but not established, that episodic volcanism and hydrothermal activity may also occur at an ocean-mantle boundaiy on Europa.
Hydrothermal alteration of Earth's upper mantle and crust oxidizes iron to produce the reductant hydrogen. Outgassed carbon equilibrates under conditions that produce the oxidant CO2. Subducted carbonates are also outgassed as CO2. Biology can then exploit the energy made available by the methanogenesis reaction CO2 + 4H2 -X CH4 + 2H20. The hydrothermal production of hydrogen would cease once oxdiation of the crust was complete, but plate tectonics has effectively "buffered" the oxidation state of the crust with that of the mantle (40). On Europa, methanogenesis may not be a viable energy source even if volcanic and tectonic activity are present, because its mantle, without the subduction of oxidants, could be more reducing than Earth's crust and the 1-to 2-kbar pressure at the water-silicate boundary will shift the gaseous C02-CH4 equilibrium (at a given oxygen fugacity) to higher temperatures. Hydrothermal activity will then produce abundant hydrogen, but carbon will outgas as methane, rather than as CO2. Likewise, sulfur would appear as sulfide rather than as oxidants such as elemental sulfur or sulfur dioxide (41) . It thus appears unlikely that either methanogenesis or elemental sulfur reduction would be able to support life on Europa.
The above considerations illustrate that nearly all metabolic life-styles on the present Earth would be denied to organisms inhabiting an ice-covered ocean on Europa because soluble oxidants will not be produced or transported into the water column. Geochemical energy could power a relatively feeble ecology but requires volcanic resurfacing or plate tectonics. Even if Europa's interior is geologically active, energy-generating reactions such as methanogenesis and sulfur reduction used by terrestrial organisms will not be available to hypothetical life forms because carbon and sulfur will be outgassed as reduced rather than oxidized species. This severe paucity of oxidants cautions against expectations that diverse, thriving life will be found in a Europan ocean. The only plausible oxidants may be oxidized metals such as ferric iron. The low-temperature reduction of Fe203 by hydrogen, methane, or (hydrogen) sulfide is thermodynamically favorable especially under local conditions of low [Fe2+] or acidic pH (42). These reactions might support a simple ecology within hydrothermally weathered rock percolated by ocean water with dissolved H2, CH4, and H2S. Hydrogen-, methane-, and sulfur-oxidizing bacteria are ubiquitous on Earth (43), and two groups of mineral iron-reducing bacteria are known (44 The selfless behavior of sentinels-the guards who take turns in keeping watch, putting themselves at risk for the benefit of others-has always been a human activity that people want to believe is found in other species too. In a variety of The selfless behavior of sentinels-the guards who take turns in keeping watch, putting themselves at risk for the benefit of others-has always been a human activity that people want to believe is found in other species too. In a variety of The insight that individuals may enhance fitness by engaging in activities, such as coordinated sentinel behavior, that benefit their relatives has revolutionized the study of animal behavior in the past few decades (5). Reciprocal altruism (6), whereby individuals take turns in allocating time to sentinel duties, is also likely in highly social species in which individuals can easily recognize each other and therefore keep track of those shirking guard duty. Unfortunately, assumptions and presumptions about selfless sentinel behavior have led some to believe that it is more common and potentially more complex than it really is. More importantly, the assumed mechanisms, although theoretically convenient, may in fact not be true.
Recently, Bednekoff has questioned a variety of assumptions often made about the selfless behavior of sentinels (1). He developed a convincing model to explain how apparently coordinated guarding could emerge from individually selfish antipredator behavior. He first noted that there was no concrete evidence that sentinels were actually more likely to be killed more common and potentially more complex than it really is. More importantly, the assumed mechanisms, although theoretically convenient, may in fact not be true.
Recently, Bednekoff has questioned a variety of assumptions often made about the selfless behavior of sentinels (1). He developed a convincing model to explain how apparently coordinated guarding could emerge from individually selfish antipredator behavior. He first noted that there was no concrete evidence that sentinels were actually more likely to be killed while on guard than their less vigilant, foraging group mates. Turning this assumption around, Bednekoff pointed out that sentinels may detect and avoid approaching predators more readily than foraging animals. Thus, rather than being exposed to an increased risk of predation, sentinels might actually be safer than the rest of the group. Such an explanation could account for cases where individuals compete for sentinel positions (7). He also noted that sentinel behavior could be influenced by a sentinel's nutritional state. Hungry animals would be less likely to engage in sentinel behavior than their better-fed comrades. Based on these two assumptions, he concluded that complex sentinel behavior could take place in the absence of any kin-,elected henefits while on guard than their less vigilant, foraging group mates. Turning this assumption around, Bednekoff pointed out that sentinels may detect and avoid approaching predators more readily than foraging animals. Thus, rather than being exposed to an increased risk of predation, sentinels might actually be safer than the rest of the group. Such an explanation could account for cases where individuals compete for sentinel positions (7). He also noted that sentinel behavior could be influenced by a sentinel's nutritional state. Hungry animals would be less likely to engage in sentinel behavior than their better-fed comrades. Based on these two assumptions, he concluded that complex sentinel behavior could take place in the absence of any kin-,elected henefits Bednekoff's theoretical findings are at the forefront of contemporary behavioral ecological studies that seek to properly identify the role and scope of kin selection and to provide alternative mechanisms to explain the evolution of behaviors. In this case, sentinel behavior Attention! Sentinel behavior among suricates (a type of mongoose), rather than being a selfless act that helps to save a sentinel's relatives, confers a benefit on the guards themselves. They are usually the first to detect predators and are closer than their foraging colleagues to burrows, down which they can readily escape.
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